Introduction
Mitosis, the last event of the cell cycle, controls accurate segregation of chromosomes into two daughter cells. To accomplish this, sister chromatids precisely duplicated in interphase must be compacted with 'chromosome scaffold' proteins to organize higher order structures, a process known as chromosome condensation (Belmont, 2006; Vagnarelli, 2012; Jeppsson et al., 2014; Kakui and Uhlmann, 2018) . Subsequently, a unique cellular apparatus, the mitotic spindle, is assembled to drive congression/alignment of the condensed chromosomes at the metaphase plate in early mitosis (McIntosh et al., 2002; Walczak and Heald, 2008; Vicente and Wordeman, 2015) . After proper chromosome congression/alignment, sister chromatids are segregated faithfully by the elongated mitotic spindle in late mitosis, followed by cell division into two daughter cells, a process known as cytokinesis (Glotzer, 2001; Green et al., 2012; Nguyen et al., 2014; D'Avino et al., 2015) . Large numbers of chromosomeassociated and/or spindle-binding proteins are involved in regulating these processes, including chromosome scaffold proteins, spindle assembly/disassembly proteins, microtubule (MT) regulatory proteins (e.g. non-motor structural proteins, motor proteins, kinases, and phosphatases), and spindle checkpoint proteins (Mack and Compton, 2001; Goshima and Vale, 2005; Zinchuk et al., 2007; Subramanian et al., 2010; Barr et al., 2011; Samejima et al., 2012; Foley and Kapoor, 2013; Barisic et al., 2014; London and Biggins, 2014; Wang et al., 2014; Vallardi and Saurin, 2015) . Deregulation and dysfunction of these proteins result in chromosome mis-segregation and mitotic defects, leading to chromosome instability and aneuploidy, contributing to the development and progression of many genetic diseases including cancer (Holland and Cleveland, 2012; Ly and Cleveland, 2017) .
The chromokinesin Kif4A, a member of the kinesin-4 family, plays important roles in regulating mitosis, including chromosome condensation, spindle assembly/dynamics, and chromosome congression/alignment in early mitosis and spindle midzone formation, spindle elongation, and cytokinesis in late mitosis (Mazumdar et al., 2004; Zhu and Jiang, 2005; Castoldi and Vernos, 2006; Hu et al., 2011; Samejima et al., 2012; Wandke et al., 2012; Subramanian et al., 2013; Nguyen et al., 2014) . In early mitosis, Kif4A associates with chromosome scaffold proteins, such as condensin core subunit SMC2 and condensin I non-SMC subunit CAP-G on chromosomes to promote lateral compaction of chromosomal arms (Mazumdar et al., 2004; Samejima et al., 2012; Takahashi et al., 2016) . Chromosome-associated Kif4A also contributes to the regulation of chromosome-interacting MT dynamics and cooperates with another chromokinesin, Kid, to generate polar ejection forces (PEF) (Wandke et al., 2012) . Together with the kinetochore motor proteins, CENP-E, dynein, and Kif18A, these chromokinesins drive chromosome congression/alignment in early mitosis (Stumpff et al., 2012; Barisic et al., 2014; Iemura and Tanaka, 2015) . In late mitosis, Kif4A translocates to the spindle midzone/midbody, directly binding to the non-kinetochore interdigitating anti-parallel MT-bundling protein PRC1 to control spindle midzone formation and elongation (Kurasawa et al., 2004; Zhu and Jiang, 2005; Bieling et al., 2010) . Kif4A delivers PRC1 to the midzone MTs plusends in a MT length-dependent manner and stabilizes midzone MTs plus-ends to control midzone elongation (Hu et al., 2011) . In addition, Kif4A is phosphorylated at T799/S801 by Aurora B and AMPK at spindle midzone that promotes Kif4A interaction with PRC1 and stimulates ATPase activity of Kif4A to regulate spindle midzone dynamics (Nunes Bastos et al., 2013; Bastos et al., 2014; Li et al., 2018) .
Despite intensive efforts in elucidating the role of Kif4A in controlling mitotic processes, the spatiotemporal regulation of Kif4A chromosome/spindle distribution remains elusive. In this study, we report that Cdk phosphorylation licenses the chromosomal localization of Kif4A, enabling it to perform its crucial functions in early mitotic progression.
Results

Cdk phosphorylation of Kif4A in early mitosis
To investigate the regulation of Kif4A distribution between chromosomes and the mitotic spindle, we arrested HeLa cells in early mitosis with taxol treatment. As shown in Figure 1A , sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis revealed that the Kif4A band was shifted in taxol-treated cells relative to asynchronous control cells, suggesting that Kif4A was modified in early mitosis. To identify the potential posttranslational modification(s), Kif4A was immunoprecipitated from taxol-treated cells with anti-Kif4A antibodies (α-Kif4A), separated by SDS-PAGE and subjected to mass spectrometry (MS) ( Figure 1A ). MS analysis revealed that Kif4A was mainly phosphorylated at threonine 1161 (T1161) (Supplementary Figure S1) , which is conserved across many species within a consensus proline-directed Cdk phosphorylation motif ( Figure 1B) .
To determine whether Kif4A T1161 could be phosphorylated by mitotic Cdk, we performed an in vitro kinase assay using bacterially expressed GST-Kif4A C-terminal fusion protein (GST-Kif4A WT ) or its non-phosphorylatable counterpart (GST-Kif4A TA ) as substrates. These recombinant proteins were purified and incubated with purified baculovirus-expressed cyclin B1-Cdk1 complex in the presence of [γ-32 P] ATP. As shown in Figure 1C , GST-Kif4A WT , but not GST-Kif4A TA , was phosphorylated efficiently by Cdk1/Cyclin B1, demonstrating that T1161 in Kif4A was a substrate for Cdk1/Cyclin B1 in vitro.
We generated rabbit polyclonal phospho-specific antibodies against T1161 (α-Kif4A p1161 ) and immunoblotting analysis indicated that α-Kif4A p1161 specifically recognized Kif4A in lysates from taxol-treated cells but not in asynchronous control cells ( Figure 1D and Supplementary Figure S2A) . Furthermore, T1161 phospho-peptide competition or treatment with the Cdk1 inhibitor, roscovitine, abolished the immuno-reactivity of α-Kif4A p1161 in taxol-treated cells ( Figure 1D and Supplementary Figure S2A ). As Kif4A could be phosphorylated at T1161 by Cdk1/Cyclin B1 in vitro, this suggests that Kif4A is a physiological mitotic Cdk substrate and phosphorylated at T1161 during early mitosis. Consistent with this hypothesis, immunoblotting analysis and co-immunofluorescence using affinity-purified α-Kif4A p1161 and cyclin B1 antibodies revealed that phosphorylation of Kif4A at T1161 occurred in G2 phase cells when cyclin B1 was expressed, and diminished at the onset of anaphase, when cyclin B1 was degraded (Supplementary Figures S2B, S3A and B) . In addition, immunofluorescence analysis using affinity-purified α-Kif4A showed that Kif4A was mainly localized on chromosomes, especially on chromosomal arms laterally, in early mitosis but translocated to the spindle midzone and midbody in late mitosis as we and others reported previously ( Figure 1E and Supplementary Figure S3C ) (Mazumdar et al., 2004; Zhu and Jiang, 2005) . In contrast, α-Kif4A p1161 only detected chromosomal arm-localized Kif4A in early mitosis, not spindle midzone-and midbody-localized Kif4A in late mitosis ( Figure 1F and Supplementary Figure S3D Figure 2A ; Supplementary Figure S4A and C). In contrast, GFP-Kif4A TA protein was not detected on chromosomes but mainly localized in the cytoplasm in early mitosis ( Figure 2A and Supplementary Figure S4B ). When cells were pre-extracted with digitonin before fixation to remove cytoplasmic soluble proteins, fluorescence imaging revealed that, unlike GFP-Kif4A WT or GFP-Kif4A TE , GFP-Kif4A TA was not localized on chromosomes ( Figure 2B ).
Immunoblotting analysis also showed that GFP-Kif4A WT or GFPKif4A TE but not GFP-Kif4A TA could be recognized by α-Kif4A p1161 in early mitosis, confirming the specificity of this reagent (Supplementary Figure S4D) . Furthermore, as previously reported that Kif4A and condensin core subunit SMC2 were colocalized on the chromosomes (Mazumdar et al., 2004; Samejima et al., 2012) , or pEGFP-Kif4A TE plasmids for 48 h. Cells were fixed and stained with mouse anti-α-tubulin antibody and DAPI. Mitotic index (B) and the percent of early mitotic cells in whole mitotic cells (C) were counted and shown in histogram (mean + SD of three independent experiments; Student's t-test, **P < 0.01; ns, not significant). (D−F) HeLa cells stably expressing CFP-Histone H2B were transfected with expression vectors encoding the indicated siRNA-resistant mCherry-Kif4A together with Kif4A siRNA for 36 h. Time-lapse images were collected every 1 min for 12 h. Duration of prometaphase (prometa: from nuclear envelope breakdown to chromosome alignment; red), metaphase (meta: from chromosome alignment to anaphase onset; blue), anaphase/telophase (ana/telo: from anaphase onset to chromosome decondensation; green), or aneuploidy (from anaphase onset to aneuploidy; magenta) is indicated in D. The data represent 25 cells for each category and the average duration of mitotic phase is shown in E. Results represent mean ± SD. Representative images of time-lapse microscopy are shown in F.
congression in prometaphase and nonaligned chromosomes with broader metaphase plates. These cells showed prolonged progression of early mitosis with significant delays around ∼90 min (Figure 3D−F Figure S7) .
Previous studies showed that the chromokinesins Kif4A and Kid independently controlled the positioning of chromosome arms and the dynamics of spindle MTs for chromosome congression/alignment by regulating PEF in early mitosis (Brouhard and Hunt, 2005; Wandke et al., 2012) . It was proposed that while Kid regulated PEFs through the control of chromosomeassociated MTs by stabilizing the orientation of chromosome arms (Funabiki and Murray, 2000; Levesque and Compton, 2001) , Kif4A mainly contributed to PEFs through the control of chromosome-associated MT dynamics by limiting the elongation of MTs near chromatin (Bringmann et al., 2004; Hu et al., 2011) . Consistent with these reports, we found that ablation of both Kif4A and Kid proteins with siRNAs simultaneously resulted in elongated spindles and broader metaphase plates with uncongressed and unaligned chromosomes in metaphase when compared with control cells or cells depleted of either Kif4A or Kid alone (Figure 4A−C; Supplementary Figure S8A and Table S1 ). However, cells with monopolar spindles, generated with inhibition of Eg5 with S-trityl-L-cysteine (STLC), revealed that although Kif4A and Kid were individually required for chromosome ejection from the monopole, only Kif4A was required for limitation of monopolar spindle MT length (Figure 4D −F; Supplementary Figure S8B and Table S1 ). Inhibition of MT dynamic instability of cells with monopolar spindles by low concentration of nocodazole abrogated monopolar spindle MT elongations in cells depleted of Kif4A alone or both Kif4A and Kid (Supplementary Figure S9 and Table S1 ). Thus, these results indicated that the chromokinesins, Kif4A and Kid, controlled the chromosome positioning independently and only Kif4A was involved in regulating chromosome-associated MT dynamics, which were required for spindle structures and chromosome congression/alignment in early mitosis.
We expressed GFP-Kif4A Figure S8A and Table S1 ). In contrast, expression of GFP-Kif4A TA in cells Figure S8A and Table S1 ).
Taken together, these results demonstrated that Cdk phosphorylation of Kif4A controlled Kif4A chromosomal localization to promote its chromosome-associated functions in regulating MT dynamics, spindle morphology, and chromosome congression/alignment required for mitotic progression in early mitosis.
Effects on chromosome condensation by Cdk phosphorylation of Kif4A
As a chromokinesin, Kif4A was also shown to be cooperated with condensins to supercoil and compact chromatid arms laterally (Mazumdar et al., 2004; Samejima et al., 2012) . To further examine Cdk phosphorylation of Kif4A in regulating chromosome condensation, we performed chromosome spreading experiments, in which control cells, cells depleted of endogenous Kif4A, cells depleted of endogenous Kif4A but expressing Representative images are shown in D. Scale bar, 5 μm. The monopolar spindle length (E) and the distance of kinetochore to pole (KT-to-pole) (F) were determined as described in 'Materials and methods' section. Results represent mean + SD from three independent experiments (student's t-test, *P < 0.05; **P < 0.01; ***P < 0.001). Figure 5B and C, Supplementary Table S1 ). These results indicated that Cdk phosphorylation of Kif4A was involved in regulating chromosome condensation in early mitosis. We determined whether Cdk phosphorylation of Kif4A regulated chromosome condensation by cooperation with condensin. Co-immunoprecipitation revealed that, in control cells, condensin core subunit SMC2 associated with endogenous Kif4A as previously reported (Supplementary Figure S10B) (Mazumdar et al., 2004; Samejima et al., 2012) . As expected, Kif4A was not present in α-SMC2 immunoprecipitates from cells in which Kif4A was depleted by siRNA. Furthermore, GFP-Kif4A
WT or GFP-Kif4A TE expressed in cells depleted of Kif4A were able to associate with condensin I subunit CAP-G and SMC2 but not condensin II subunit CAP-D3 ( Figure 5D ) (Takahashi et al., 2016) . In contrast, GFPKif4A TA expressed in cells depleted of Kif4A did not associate with CAP-G, SMC2, and CAP-D3 ( Figure 5D ). showed reduction of chromosomal localization of SMC2, similar to cells depleted of endogenous Kif4A ( Figure 5E and F). Taken together, these results indicate that Cdk phosphorylation of Kif4A controls its localization and promotes its association with condensin I, which is required for chromosome condensation.
Chromosomal localization rather than Cdk phosphorylation of Kif4A is crucial for early mitotic functions of Kif4A
We asked whether Cdk phosphorylation of Kif4A is crucial for chromosome localization and its mitotic functions or whether it simply serves to license the chromosomal localization of Kif4A but is nonessential for its subsequent functioning. To distinguish between these two possibilities, we targeted nonphosphorylatable Kif4A (GFP-Kif4A TA ) to chromosomes by fusing Kif4A with Histone H1.
We generated a set of mammalian expression vectors expressing GFP-Kif4A Figure S11A) . As a control, we also generated a mammalian expression construct expressing GFP-Kif4A MD -H1, in which the Kif4A ATP-binding site was mutated (Kif4A motor-dead mutant; Zhu and Jiang, 2005 Figure S11B) . As shown in Figure 6A, Figure 6A Table S1 ). Consistent with these results, immunofluorescence analysis indicated that SMC2 was reloaded on chromosomes in cells depleted of endogenous Kif4A and expressing chromosome-associated GFP-Kif4A
WT -H1, GFP-Kif4A TA -H1, or GFP-Kif4A TE -H1, but not GFP-Kif4A MD -H1 ( Figure 6F and G). These results indicated that targeting non-phosphorylatable Kif4A TA to chromosomes by Histone H1 was sufficient to restore Kif4A early mitotic function. Once Kif4A is localized to chromosomes, its Cdk-dependent phosphorylation is dispensable for carrying out its subsequent activities even though the ATP-dependent catalytic activity of Kif4A is still essential.
Discussion
Our study provides significant insights into the spatiotemporal regulation of the chromokinesin, Kif4A, in early mitosis. We show that Cdk phosphorylation of Kif4A licenses its chromosome localization. Kif4A, in turn, functions as a chromokinesin, regulates chromosome condensation, MT dynamics, spindle morphology and chromosome congression/alignment that are important for early mitotic progression. Cdk phosphorylation-licensed chromosome- with mouse anti-α-tubulin antibody (red), human anti-CREST serum (gray), and DAPI (cyan). Representative images are shown in A. Scale bar, 5 μm. Widths of metaphase plates were measured (B). (C−E) Cells were treated with 0.1 μg/ml colcemid overnight and chromosomes were spread on coverslips followed by immunostaining with DAPI (red). Representative images are shown in C. Scale bar, 5 μm. Widths of individual chromosome arms (D) and fluorescence intensity of DAPI (E) were measured. More than 100 chromosomes in three independent experiments were analyzed (student's t-test, **P < 0.01; ns, not significant). (F) Cells were fixed and stained with rabbit α-SMC2 (red) and DAPI (cyan). The boxes (arrowhead) represent the region used to generate the line scans, which show the localization of SMC2 (red) relative to DNA (cyan). Scale bar, 5 μm. (G) Quantification of relative SMC2 staining intensity in F. Fluorescence intensities of SMC2 were determined at five chromosome arms (chromosomal) and five areas in the cytoplasm (cytoplasmic) in each 20 cells.
associated Kif4A associates with CAP-G and SMC2 to promote chromosome condensation by participating in the regulation of mutual dependence of Kif4A and SMC2 on chromosomes for lateral compaction of chromosome arms ( Figure 5 ) (Samejima et al., 2012) . Moreover, Cdk phosphorylation-licensed chromosome-associated Kif4A is involved in regulating MT dynamics, spindle morphology, chromosome congression/alignment required for early mitotic progression. Chromosome-associated Kif4A coordinates with Kid to generate PEF and/or limit the elongation of chromosome-associated MTs in the vicinity of chromosomes (Figure 4 ) (Hu et al., 2011; Wandke et al., 2012) . Targeting non-phosphorylatable Kif4A TA to chromosomes by fusion of Kif4A TA with Histone H1; however, could restore early mitotic functions of Kif4A in cells depleted of endogenous Kif4A ( Figure 6 ). Thus, Cdk phosphorylation-licensed chromosome localization of Kif4A was crucial for early mitotic functions of Kif4A and early mitotic progression. Previous studies demonstrated that, as mitotic-promoting factors, mitotic Cdks phosphorylated multiple G2/M and early mitotic regulators, controlling their subcellular distribution, activities, and function that were critical for proper G2/M and early mitotic progression (Malik et al., 2009; Fisher et al., 2012) . As a chromokinesin, Kif4A is involved in controlling chromosome condensation and chromosome congression/alignment in early mitosis. Our results reveal that Kif4A is phosphorylated by Cdk at its tail domain (T1161) and Cdk phosphorylation of Kif4A spatiotemporally regulates chromosome localization of Kif4A in early mitosis.
Kif4A (and its cross-species homologs XKpl1 in Xenopus and Klp3A in Drosophila) contains two conserved DNA-binding motifs, a leucine zipper motif at its stalk region and a cysteine-rich motif at its tail domain, that were shown to be essential for chromatinbinding activity of Kif4A and subsequent chromosome localization of Kif4A in mitosis (Hu et al., 2011; Wandke et al., 2012) . Our studies show that Cdk phosphorylation of Kif4A at its tail domain (T1161) only licenses chromosome localization of Kif4A but is not required for its chromosome-associated functions. As Kif4A TA -Histone H1 is fully functional, we propose that Cdk phosphorylation of Kif4A at T1161 might affect the total conformation of Kif4A molecule, depict the DNA-binding motifs of Kif4A to DNA/chromosomes and/or associate with condensin I (CAP-G/SMC2) (Takahashi et al., 2016) , promoting Kif4A association with chromosomes in early mitosis. Once Kif4A localizes on chromosomes, chromosome-associated Kif4A, no matter whether T1161 is phosphorylated, would cooperate with condensin I to compact chromosome arms laterally for chromosome condensation. Meanwhile, chromosome condensation/chromosome arm compaction would reinforce Kif4A association with chromosome arms laterally. Lateral chromosomal arms-associated Kif4A would then function as a MT-dependent motor with MT plus-end 'capping' activity to regulate dynamics of chromosome-associated MTs. Chromosome-associated Kif4A could control dynamics of chromosome-associated MTs for proper formation and dynamics of mitotic spindle in early mitosis and/or coordinate with other mitotic motor proteins, such as Kid, Kif18A, CENP-E, and dynein, for chromosome congression/alignment (Stumpff et al., 2012; Wandke et al., 2012; Barisic et al., 2014; Iemura and Tanaka, 2015) .
Taken together, our results presented in this study demonstrate that Cdk phosphorylation licenses chromosomal localization of Kif4A and chromosomal localization of Kif4A, in turn, controls early mitotic functions of Kif4A important for proper early mitotic progression.
Materials and methods
Plasmids, siRNAs, and antibodies
Mammalian expression plasmids of Kif4A and its point mutations were generated as described previously (Zhu and Jiang, 2005) . The primers used in Kif4A T1161A point mutation were: sense 5′-tttaatcccgtctgtgccgcccccaatagcaagatcctg-3′ and antisense 5′-caggatcttgctattgggggcggcacagacgggattaaa-3′. The primers used in Kif4A T1161E point mutation were: sense 5′-tttaatcccgtctgtgcc gaacccaatagcaagatcctg-3′ and antisense 5′-caggatcttgctattgggttc ggcacagacgggattaaa-3′. Plasmids expressing Kif4A-Histone H1 fusion proteins were constructed by inserting Histone H1 cDNA at 3′ end of Kif4A cDNA before the stop codon in Kif4A expression plasmids. All constructs were fully sequenced.
siRNA specific targeting to 3′-UTR of Kif4A (5′-GGAATGAGGTTG TGATCTT-3′) and siRNA specific targeting Kid cDNA coding region (5′-CAAGCUCACUCGCCUAUUGTT-3′) were synthesized by Genepharma.
Polyclonal rabbit anti-Kif4ApT1161 antibodies (α-Kif4A p1161 )
were developed against phospho-peptide of SFFNPVCA(pT) PNSKILKEMC. Polyclonal rabbit α-Kif4A were generated as previously described (Zhu and Jiang, 2005) . Mouse anti-α-tubulin (#T5168) antibody was purchased from Sigma-Aldrich, rabbit α-SMC2 (#07-710) was purchased from Merk Millipore, mouse α-BubR 1 (#612503) was purchased from BD Biosciences, mouse α-cyclin B1 (#MAB3684) was purchased from Chemicon, mouse α-hCAP-G (#sc-515297) and goat α-Kid (#sc-30456) were purchased from Santa Cruz Biotechnology, and rabbit α-hCAP-D3 (A300-604A) was purchased from Bethyl Laboratories, Inc. All secondary antibodies were obtained from Life Technologies Inc.
Cell culture, transfection, immunoprecipitation, immunoblotting, and immunofluorescence HeLa cells were cultured in DMEM containing 10% fetal calf serum (Invitrogen) at 37°C and 5% CO 2 . For transfection of plasmids and siRNAs, HeLa cells were cultured in 6-well plates and transfected with 50 nM siRNA and/or 0.1-0.5 μg of plasmid(s) using Lipofectamine 3000 (Thermo Fisher Scientific). Two to three days after transfection, cells were harvested or fixed for immunoprecipitation, immunoblotting, or immunofluorescence analysis as previously described (Jiang et al., 1998; Zhu and Jiang, 2005) . For peptide competition assay, polyclonal rabbit antibodies, α-Kif4A p1161 , were incubated with Kif4A phosphopeptide or nonphospho-peptide at 4°C overnight. Control and taxol-treated mitotic cells were lysed in 1× sample buffer and subjected to SDS-PAGE followed by immunoblotting with peptide pre-treated α-Kif4A p1161 . Pearson's correlation coefficients (R-value) were calculated using Image-Pro Plus 7.0 (Zinchuk et al., 2007) . In brief, we generated coordinated datasets of fluorescence intensities at each pixel from 10 chromosome arms/cell and calculated Pearson correlation coefficients (R-values) for all pairwise combinations (total positive correlation appears as 1, total negative correlation as −1, and no correlation as 0). The datasets were obtained from 10 cells in three independent experiments.
Cell cycle synchronization and drug treatments HeLa cells were treated with 2 mM thymidine (Sigma-Aldrich) for 16 h, released into fresh medium for 6 h, and then blocked with 40 ng/ml nocodazole (Sigma-Aldrich) for 12 h as described (Zhu and Jiang, 2005) . To collected early mitotic cells, 30 nM taxol (Cytoskeleton) was added to the media and cells were collected after 16 h. To inhibit Cdk1 activity, 5 mg/ml roscovitine (Selleck Chemicals) was added to the media and cells were collected after 2 h. To stabilize MTs, 9 nM nocodazole (SigmaAldrich) was added to the cell culture media 3 h before fixation. 5 μM S-trityl-L-cysteine (STLC; Sigma-Aldrich) was added to the cell culture media 16 h before fixation to induce monopolar spindles by inhibiting Eg5.
Mass spectrometry
For mass spectrometry, cells were treated with 30 nM Taxol overnight. Cells were lysed and immunoprecipitated with α-Kif4A. The precipitates were separated by SDS/PAGE and stained with Coomassie blue. Specific Kif4A proteins in SDS-Gel were isolated and cut into pieces followed by digestion with trypsin. The digested samples were analyzed with a matrixassisted laser desorption/ionization-Fourier transform-ion cyclotron resonance mass spectrometer (Bruker Daltonics) and the phosphorylated peptides were further analyzed with automated nanoflow liquid chromatography/tandem mass spectrometry.
In vitro kinase assay
For in vitro kinase assay, 1 μg of bacterially expressed GSTKif4AC230 WT (230 amino acids at caboxyl terminus of Kif4A) or GST-Kif4AC230 TA (Threonine 1161 was substituted by Alanine) mutant protein was incubated with 0.1 μg of baculovirusexpressed Cyclin B1-Cdk1 protein complex in kinase reaction as previously described (Jiang et al., 1998) . The kinase reactions were terminated by adding an equal volume of 2× sample buffer. The reaction products were separated by SDS-PAGE and stained with Coomassie brilliant blue. The SDS-gel was then dried prior to autoradiography.
Time-lapse microscopy HeLa cells stably expressing CFP-Histone H2B were cultured on 35-mm glass-bottom microwell dishes (Nest Biotechnology, China) and transfected with 0.2 μg of pmCherry-Kif4A plasmid together with 50 nM of Kif4A siRNA using Lipofectamine 3000 (Thermo Fisher Scientific). Thirty-six hours after transfection, cell culture dishes were transferred to a heated stage (37°C) on a Nikon HSJ Ti E-PFS microscope. Phase-contrast and fluorescence images of live cells were collected at 1-min intervals for 12 h and processed by using NIKON NIS-Elements BR software and Image J.
Monopolar spindles assay
HeLa cells were transfected with siRNA targeting Kid or/and Kif4A together with indicated plasmids, and treated with STLC for 16 h. Formaldehyde fixed cells were stained with mouse anti-α-tubulin antibody, human anti-CREST serum and DAPI. Monopolar spindles were imaged as a 3D z-stack using a 100× NA 1.35 oil objective on a fluorescence microscope (NIKON) and deconvolved using NIKON NIS-Elements AR software (NIKON). The cell center was defined as pole and the position was saved. The distance between kinetochores and pole (KTto-pole Distance) and monopolar spindle length were measured using NIKON NIS-Elements AR software and calculated in Excel (Microsoft).
Chromosome spreading analysis
Cells were treated with 0.1 μg/ml of colcemid overnight and then hypotonically swollen in 75 mM KCl. Cells were fixed in icecold methanol/acetic acid and dropped on slides to spread chromosomes. The spreading chromosomes were stained with DAPI and images were acquired and processed under a Nikon Ts-100FL microscope. The widths and the fluorescent intensities of chromosome arms were measured using NIKON NIS-Elements AR software and Image-Pro Plus 7.0.
Statistical analysis
Student's test was used to calculate the statistical significance of the experimental data. The level of significance was set as *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
